Palladium carbene complexes, CX 2 dPdX 2 , are prepared along with the insertion products, CX 3 -PdX, in reactions of laser-ablated Pd atoms with tetrahalomethanes and identified from matrix infrared spectra and density functional frequency calculations. The carbon-metal bonds of the CCl 2 dPdCl 2 and CClFdPdCl 2 complexes are essentially double bonds with effective bond orders of 1.9, near those for the Pt and Ni analogues, as calculated by CASPT2 methods. On the other hand, only insertion complexes are generated from mono-, di-, and trihalomethane precursors. While the carbenes have staggered allene-type structures, many insertion complexes containing C-Cl bonds reveal distinct bridged structures, which indicate effective coordination of Cl to the metal center.
Introduction
Numerous high-oxidation-state complexes are an essential part of coordination chemistry, and they help to understand the nature of carbon-transition metal bonding interactions.
1,2
The chemistry of these complexes includes synthetic processes such as metathesis, catalysis, and C-H insertion.
3 The structures and photochemical properties of such complexes have been explored by theoretical methods 4a,b and in particular the oxidative insertion of Pd into the CH 3 -X bond. 4c Laser ablation/matrix isolation spectroscopy has been used recently to prepare small high-oxidation-state complexes from group 3-8 transition and actinide metal reactions with halomethanes and small alkanes through C-H(X) insertion and subsequent H(X) migration. [5] [6] [7] [8] [9] These complexes show distinct structures, particularly due to agostic interaction, and photoreversibility. Their small numbers of atoms make them ideal for high-level theoretical analysis, and they are good model systems of larger ligand stabilized complexes. Higheroxidation-state complexes, however, are less important for the later transition metals in the periodic table because the d-orbitals are more completely filled.
Small Pt carbene complexes and the related insertion products have subsequently been identified as products of reactions with methane and halomethanes. 10 The small Pt methylidenes have a substantial amount of double-bond character from d π -p π bonding, and their C-Pt bonds are considerably shorter than those of typical Pt(II) carbene complexes. It appears that the small Pt methylidene complexes have substantial Pt(IV) character. 11 In addition, the corresponding nickel complexes also reveal essentially double C-Ni bonds. 12 Finally, Pt is a very effective C-H insertion agent in reactions with acetylene, ethylene, and methane, whereas Pd is not. 13 Here we complete our investigation of group 10 transition metal complexes and report reactions of Pd atoms with halomethanes. In contrast to the case of Pt, 10 which is considered the most effective C-H insertion agent among group 10 metals, 10, 12 only tetrahalomethanes generate Pd methylidenes. The identified products also have interesting structures, particularly due to intermolecular interaction between X bonded to C and the metal center.
Experimental and Computational Methods
Laser-ablated palladium atoms were reacted as described previously 10, 13, 14 with argon-diluted samples of CCl 4 (Fisher), 13 CCl 4 (90% enriched, MSD Isotopes), CFCl 3 , CF 2 Cl 2 (Dupont), CHCl 3 , CH 2 Cl 2 , CH 2 FCl, CH 2 F 2 (Dupont), CDCl 3 , CD 2 Cl 2 , CD 2 FCl, and CD 2 F 2 (synthesized in this laboratory 14c ) during condensation at 10 K using a closed-cycle refrigerator (Air Products Displex). Reagent gas mixtures ranged 0.2-1.0% in argon. The Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate, 10 ns pulse width) was focused on a rotating Pd metal target (Johnson Matthey) using a 5-20 mJ/pulse. After initial reaction, infrared spectra were recorded at a resolution of 0.5 cm -1 using a Nicolet 550 spectrometer with a Hg-Cd-Te range B detector. Samples were later irradiated for 20 min periods by a mercury arc street lamp (175 W, globe removed) using a combination of optical filters and subsequently annealed to allow further reagent diffusion.
In order to provide support for the assignment of new experimental frequencies and to correlate with related works, [5] [6] [7] [8] [9] [10] density functional theory (DFT) calculations were performed using the Gaussian 03 program system, 15 the B3LYP density functional, 16 the 6-311þþG(3df,3pd) basis sets for H, C, F, and Cl, 17 and the SDD pseudopotential and basis set 18 for Pd to provide vibrational frequencies for the reaction products. Geometries were fully relaxed during optimization, and the optimized geometry was confirmed by vibrational analysis. The BPW91 19 functional was also employed to complement the B3LYP results. The vibrational frequencies were calculated analytically, and zero-point energy is included in the calculation of binding and reaction energies. Previous investigations have shown that DFT-calculated harmonic frequencies are usually slightly higher than observed frequencies, [5] [6] [7] [8] [9] [10] 20 and they provide useful estimates for infrared spectra of new molecules. Bonding in the carbene products was examined using CASSCF/CASPT2 methods and triple-ζ (ANO-RCC-VTZP) basis sets. 21 An active space of (6,6) was chosen for the orbitals involved in the C-M bonds. A CASPT2 geometry optimization was performed for the carbenes starting from DFT geometries. The orbitals shown below and the occupation numbers used to compute the effective bond orders (EBO = bonding minus antibonding electons divided by 2) are from the final CASPT2 calculation at the optimized geometry. The CASSCF/CASPT2 calculations were performed using the Molcas 7.4 software. 22 
Results and Discussion
Reactions of palladium atoms with halomethanes were investigated, and infrared spectra and density functional frequency calculations of the products will be presented in turn. Pd þ CCl 4 . Figure 1 stretching mode is coupled with the C-Pd stretching mode, resulting in a higher frequency than that of the antisymmetric mode and the description as C vibrating between two chlorine and one palladium center. Although a pure symmetric CCl 2 stretching mode would have a lower 12/13 isotopic ratio, the mode coupling with carbon results in more carbon motion than in the antisymmetric mode. The observed frequencies are also compared with the DFT frequencies in Table 1 has no other strong observable band in our spectroscopic range. Since the identification of CCl 2 PdCl 2 is substantiated by comparison between observed and calculated frequencies, wave function based CASPT2 frequencies are compared with the observed matrix infrared and B3LYP density functional computed frequencies in Table S1 (Supporting Information).
The singlet and triplet states of CCl 2 dPdCl 2 are 47 and 23 kcal/mol more stable than the reactants (Pd( 1 S) þ CCl 4 ), whereas the singlet and triplet states of CCl 3 -PdCl are regions for the reaction products of the laser-ablated palladium atom with CF 2 Cl 2 and CFCl 3 in excess argon at 10 K. (a) Pd and CF 2 Cl 2 reagent (0.5% in argon) co-deposited for 1 h; (b-e) as (a) spectra taken following the irradiation and annealing sequence described in Figure 1 caption (visible, UV, and full arc irradiations and annealing to 26 K). (f) Pd and CFCl 3 reagent (0.5% in argon) co-deposited for 1 h; (g-j) as (f) spectra taken following the same irradiation and annealing sequence. i and m designate the product absorption groups, while P and c stand for the precursor and common absorptions. 47 and 41 kcal/mol more stable than the reactants. However, no absorptions from the insertion complex are observed.
Normally the higher-oxidation-state complexes are relatively more stable in the matrix than predicted for the isolated molecules, probably due to more polarized bonds from the matrix interaction. 5-10 One other possibility is that the strong CCl 2 symmetric and antisymmetric stretching bands predicted at ∼800 and ∼770 cm -1 for the insertion product are covered by the strong precursor absorptions in the region of 820-740 cm
, and other absorptions are too weak to observe.
Pd þ CFCl 3 and CF 2 Cl 2 . Figure 2 shows the spectra from reactions of Pd with CFCl 3 and CF 2 Cl 2 . In the Pd þ CFCl 3 spectra both m and i absorptions are observed. The m absorptions remain unchanged on visible irradiation but more than triple on UV photolysis, increase slightly further on full arc photolysis, and decrease relatively fast in the process of annealing. The i absorptions also remain unchanged on visible photolysis, quadruple on UV irradiation, increase slightly on full arc photolysis, and sharpen first and then decrease on successive annealings.
The two m absorptions at 1261.3 cm -1 (with shoulders at 1259.7 and 1254.7 cm -1 ) and at 991.2 cm -1 in the C-F and C-Cl stretching regions 10a,12 strongly indicate that the major product has a CFCl moiety, and the frequencies are well reproduced by calculations of the Pd carbene, CFClPdCl 2 .
The good agreement between the observed and calculated values as shown in Table 2 substantiate the formation of CFClPdCl 2 , whose other bands are predicted to be too weak to observe here. The i absorptions at 1124.2, 900.4, and 602.2 cm -1 are assigned to the C-F, C-Cl, and C-Cl (bridging) stretching modes of CFCl 2 -PdCl, and they also show reasonably good correlation with the DFT-calculated frequencies.
In the CF 2 Cl 2 reaction product spectra, only i absorptions are observed, unlike the cases of CCl 4 and CFCl 3 . The i absorptions dramatically increase upon UV photolysis (more than 500%) and increase further on full arc photolysis. The two strong i absorptions at 1199.0 and 1182.3 cm -1 (with a shoulder at 1183.9 cm -1 ) in the C-F stretching region are assigned to the CF 2 symmetric and antisymmetric stretching absorptions of the insertion complex, CF 2 Cl-PdCl. The observed frequencies are compared with the DFT frequencies in Table 3 . The weaker i absorptions at 692.7 and 630.3 cm -1 are assigned to the CF 2 bending and wagging mode. The four observed bands are in fact the observably strong ones originating from the CF 2 Cl-PdCl, as shown in Table 3 . The four product absorptions, whose frequencies correlate well with the predicted frequencies, support formation of the C-Cl insertion complex in reaction of Pd with CF 2 Cl 2 .
The energy difference between the insertion and methylidene complexes gradually increases with fluorine substitution. c Frequencies and intensities computed with B3LYP or BPW91/ 6-311þG(3df) are for harmonic calculations, and the SDD core potential and basis set are used for Pd. CF 2 -PdCl 2 has a C 2 structure, whereas CFCl-PdCl 2 has a C s structure. c Frequencies and intensities computed with B3LYP or BPW91/ 6-311þG(3df) are for harmonic calculations, and the SDD core potential and basis set are used for Pd.
d Bridging Cl atom. CF 2 Cl-PdCl has a C s structure in its singlet ground state, whereas CFCl 2 -PdCl has a C 1 structure with a bridging Cl atom.
Note that CCl 3 -PdCl and CCl 2 -PdCl 2 have almost the same energy as described above; CFCl 2 -PdCl and CFCl-PdCl 2 are 44 and 42 kcal/mol lower than the reactants (Pd( 1 S) þ CFCl 3 ), and CF 2 Cl-PdCl and CF 2 -PdCl 2 are 40 and 38 kcal/mol lower than the reactants (Pd( 1 S) þ CF 2 Cl 2 )). The present results reveal that the insertion complex is favored with increasing number of F atoms in reactions of Pd, consistent with the variation in the predicted energy difference between the insertion and methylidene complexes. CCl 4 produces exclusively CCl 2 -PdCl 2 , CFCl 3 forms both the insertion and methylidene products, and CF 2 Cl 2 generates only the insertion complex CF 2 Cl-PdCl.
This indicates that Cl migration from C to Pd following the initial C-Cl bond insertion becomes less favorable with the number of F substituents as the insertion complex becomes gradually more stable relative to the methylidene product.
Pd þ CHCl 3 . Figure 3 shows product absorptions from reactions of Pd with CHCl 3 and its deuterated isotopomer. Only i absorptions are observed parallel to the case of Ni þ CHCl 3 , which double on UV irradiation. The i absorption at 980.1 cm ) has its D counterpart at 509.4 cm -1 (with a satellite at 495.6 cm -1 ) (H/D ratio of 1.041), and it is assigned to the C-Pd stretching mode. Another i absorption at 923.8 cm -1 in the D spectra is assigned to the HCCl bending mode, while the H counterpart is believed to be covered by precursor absorption. The observed i absorptions showing a good correlation with the DFT frequencies (Table 4) without m absorptions reveal exclusive formation of the insertion complex in reaction of the group 10 metal with CHCl 3 .
Pd þ CH 2 FCl and CH 2 F 2 . Figure 4 shows the product absorptions from reactions of Pd with CH 2 FCl and CH 2 F 2 . Only i absorptions in the CH 2 FCl spectra are observed again, which decrease slightly on visible irradiation but quadruple on UV irradiation. They increase slightly more on full arc photolysis (∼500% increase in total) and sharpen in the early stage of annealing. The i absorption at 1191.5 cm -1 is assigned to the CH 2 wagging mode of the insertion complex, CH 2 F-PdCl, the strong product absorption at 1008.1 cm ) to the C-F stretching mode, and the weak i absorption at 598 cm -1 to the C-Pd stretching mode. The product absorptions correlate very well with the predicted frequencies for the insertion complex, as shown in Table 5 .
The i absorptions in the CH 2 F 2 spectra are much weaker and show only a small increase on UV photolysis, consistent with the general trend that substitution of Cl with F reduces reactivity toward transition metal atoms.
5-10
The product absorptions at 1205.4, 989.7, and 506 cm -1 are attributed to the CH 2 wagging, C-F stretching, and C-Pd stretching modes of CH 2 F-PdF, and the observed frequencies are compared with the DFT values in Table 5 . c Frequencies and intensities computed with B3LYP or BPW91/ 6-311þþG(3df, 3pd) are for harmonic calculations, and the SDD core potential and basis set are used for Pd. CHCl 2 -PdCl has a C s structure in the ground singlet state. Figure 3 . Infrared spectra in the 1000-450 cm -1 region for the reaction products of the laser-ablated palladium atom with chloroform isotopomers in excess argon at 10 K. (a) Pd and CHCl 3 (0.5% in argon) co-deposited for 1 h, (b-e) as (a) spectra taken following the irradiation and annealing sequence described in Figure 1 caption (visible, UV, and full arc irradiations and annealing to 26 K). (f) Pd and CDCl 3 (0.5% in argon) codeposited for 1 h, (g-j) as (f) spectra taken following the same irradiation and annealing sequence. i, P, and c stand for product, precursor, and common absorptions, respectively.
Structure and Bonding in Pd Complexes. The structures of the identified Pd complexes in this study are illustrated in Figure 5 . The Pd carbenes, CCl 2 -PdCl 2 and CFCl-PdCl 2 , have staggered allene-type structures in their singlet ground states, and CF 2 -PdCl 2 , while not identified in the spectra, is calculated to have a similar structure. The methylidene C-Pd bond lengths of 1.825, 1.823, and 1.835 Å (B3LYP) and 1.779, 1.778, and 1.785 Å (CASPT2) are compared with C-Pd bond lengths of 1.86-2.08 Å for Pd carbene complexes. 26 The CASPT2 structures are shown in Figure 6 . Parallel to the Ni and Pt cases, the Pd carbene C-Pd bonds are essentially double bonds: the effective C-Pd bond orders (EBO) from CASPT2 analysis (bonding minus antibonding occupancies divided by 2) of CCl 2 -PdCl 2 , CFCl-PdCl 2 , and CF 2 -PdCl 2 are 1.89, 1.90, and 1.92. The CASPT2 molecular orbitals involved in the CdPd bonds are illustrated in Figure 7 . In order to have a fair comparison among the group 10 metal carbenes, CASPT2 calculations were also done for the analogous Pt carbenes, and the structures and molecular orbitals are shown in Figures S1 and S2 (Supporting Information) . Note that the EBO for CCl 2 -PtCl 2 , CFCl-PtCl 2 , and CF 2 -PtCl 2 are 1.89, 1.90, and 1.91, and recall that the analogous values for the Ni carbenes are 1.81, 1.84, and 1.87. 12 It is interesting to find that the CASPT2 bond lengths for the CdM double bonds are nearly the same for the CCl 2 -MF 2 (Ni, 1.686 Å ; Pd, 1.790 Å ; Pt, 1.783 Å ) and the CF 2 -MCl 2 structural isomers (Ni, 1.658 Å ; Pd, 1.785 Å ; Pt, 1.782 Å ).
The CASPT2 EBO values show that for CCl 2 -MCl 2 , CFCl-MCl 2 , and CF 2 -MF 2 there is a very slight increase in EBO on going down the group 10 family as the heavier Pd and Pt metals appear to form more effective (p-d)π bonds than Ni. Parallel to the Ni and Pt cases, the F atom on the -1 regions for the reaction products of the laser-ablated palladium atom with CH 2 F 2 and CH 2 FCl in excess argon at 10 K. (a) Pd and CH 2 F 2 (0.5% in argon) co-deposited for 1 h, (b-e) as (a) spectra taken following the irradiation and annealing sequence described in Figure 1 caption (visible, UV, and full arc irradiations and annealing to 26 K). (f) Pd and CH 2 FCl (0.5% in argon) co-deposited for 1 h, (g-j) as (f) spectra taken following the same irradiation and annealing sequence. i, P, and c stand for product, precursor, and common absorptions, respectively. / 6-311þþG(3df, 3pd) are for harmonic calculations, and the SDD core potential and basis set are used for Pd. CH 2 F-PdCl and CH 2 F-PdCl have a C s structure in the ground singlet state.
carbon atom leads to a higher effective bond order probably because the more electronegative F contracts carbon 2p-orbitals and makes more effective overlap for bond formation. 10a,12 Among the insertion complexes, CFCl 2 -PdCl, CF 2 CPdCl, and CHCl 2 -PdCl have bridged structures, whereas CH 2 F-PdCl and CH 2 F-PdF do not. Evidently coordination of the Cl electrons to the metal center is more effective than that of the F or H electrons, parallel to the Fe and Ni systems. 8, 10 Reactions. Previous studies and the present results reveal that high-oxidation-state complexes are generated from reactions of group 3-10 transition metals and actinides with small alkanes and halomethanes. [5] [6] [7] [8] [9] [10] 27 However, the preference for methylidene products in reactions of group 10 metals varies substantially. Pt, which is regarded in general as the strongest insertion agent among group 10 metals, 13 forms carbenes in methane and haloalkane reactions. 10 The Ni carbene complexes are, on the other hand, far less favored. 12 They are produced only in reactions with tetrahalomethanes, owing to the preference of the M-X bond (particularly M-Cl bond) over the M-H bond. Only the insertion complex is formed with other precursors. These results suggest that group 10 metals are the limit for generating the carbene complex in reactions with small alkanes and halomethanes, which is consistent with the fact that Ni carbene complexes are rare.
2
Pt gives far stronger carbene product absorptions.
10a On the basis of the similar calculated CCl 2 stretching absorption intensities for the group 10 metal methylidenes, 10, 12 Pt is at least 3 times more reactive than Ni and Pd. For Ni and Pd, in the original spectra the Ni methylidene absorptions are twice as strong as the Pd counterparts. However, Pd has strong absorption in the UV region, 28 resulting in a dramatic increase of the methylidene product absorptions, presumably through photoactivation of the Pd reaction with CX 4 . After the process of photolysis the Pd methylidene absorptions are almost twice as strong as the Ni methylidene absorptions. In all Pd spectra, the product absorptions triple or quadruple on UV irradiation.
Recent investigation in our laboratory has shown that laser-ablated transition metal atoms react with halomethanes through C-X bond activation/insertion followed by R-X transfer, 8,9 reaction 1. The Pd oxidative insertion reaction into C-X bonds has been explored by density functional theory:
4c direct insertion into the C-X bond occurs in the gas phase reaction, which becomes easier on going down the halogen family column. This is in agreement with the present experimental observations.
The present results reveal that C-X bond insertion by group 10 metal atoms occurs in reactions with halomethanes, and in the case of tetrahalomethanes, X migration from C to M also follows. However, further X migration to form the carbyne product has not been observed, owing to the much higher energy of the product. The carbyne CCl-PtCl 3 is computed to be 27 kcal/mol higher energy than CCl 2 dPtCl 2 , 10a and geometry optimizations for CCl-NiCl 3 and CCl-PdCl 3 result in the corresponding carbene complexes.
Conclusions
Laser-ablated Pd atoms react with halomethanes, and the products are identified on the basis of isotopic shifts and correlation with DFT-computed frequencies. The CX 2 dPdX 2 molecules are produced by reactions with tetrahalomethanes, analogous to Pt and Ni, 10,12 while the reaction is more exothermic and the yield much higher for X = Cl than X = F. On the other hand, only insertion complexes are identified from reactions with precursors containing H, indicating that X migration from C to M following initial C-X bond insertion becomes more difficult. This also suggests that group 10 metals mark the limit where carbene complexes are no longer produced in transition metal reactions with halomethanes. The carbon-metal bonds in the Ni, Pd, and Pt carbenes are essentially double bonds with CASPT2 effective bond orders in the 1.8 to 1.9 range. The CASPT2 EBO values for CCl 2 -MCl 2 and CFCl-MCl 2 show a very slight increase on going down the group 10 family, but for the more heavily fluorine-substituted species CF 2 -MF 2 , this trend is reversed. Organometallics, Vol. 28, No. 24, 2009 6879 Evidence shows that the small group 10 metal complexes have singlet ground states. While singlet states are clearly the most stable for the identified Pd and Pt complexes, DFT calculations suggest that singlet and triplet states for the Ni complexes have nearly the same energies. 10, 12 However, the observed vibrational characteristics show that most of the Ni products also have singlet ground states. The simple Pd carbene complexes all have staggered structures, whereas the insertion products with the C-Cl bond assume bridged structures, indicative of efficient Cl electron donation to the metal center.
